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The GTP hydrolases of the Rho/Rac family participate in
the generation of coordinated cellular responses to extracellu-
lar stimuli (52, 153). Their actions are essential to promote the
formation of cytoskeletal structures that contribute to changes
in cell shape and motility, the activation of lipid and protein
kinase cascades, and the induction of patterns of gene expres-
sion required for both developmental and proliferative deci-
sions (52, 153). The functions of these proteins are also asso-
ciated with a number of human disorders. Thus, hereditary
diseases, such as immunodeficiencies (Wiscott-Aldrich syn-
drome), certain types of X-linked mental retardation, and de-
velopmental abnormalities (Aarskog-Scott syndrome), have
been linked to null mutations in either upstream or down-
stream elements of the Rho/Rac pathways (2, 113, 144). The
activities of these proteins have also been associated with cel-
lular transformation and oncogenesis, either by enhancing the
metastatic properties of transformed cells or by serving as
ancillary factors that contribute to the transforming activities
of oncoproteins such as Ras (153, 172). Rho/Rac family mem-
bers are found amplified in some tumors but, unlike Ras, no
evidence has been found for their activation by gain-of-func-
tion mutations (40, 143). This indicates that the constitutive
activation of their pathways is mediated by the deregulation of
upstream signals in most cancer cells. Due to these observa-
tions, the manipulation of the activation-deactivation cycles of
these proteins has received special attention as a potential
point of pharmacological intervention to stop the growth of
cancer cells.

The key step in this activation cycle is the differential binding
of guanosine nucleotides (7). In quiescent cells, these proteins
are locked in an inactive state maintained by the presence of
bound GDP molecules. In this state, Rho/Rac proteins bind to
negative regulators (Rho GDP dissociation inhibitors) that
keep them sequestered in the cytosol and block the intrinsic
release of bound GDP (7). After cell simulation, there is an
exchange of GDP for GTP molecules, resulting in the release
of the inhibitory molecules, the translocation of the GTPases
to the plasma membrane, and their interaction with their ef-
fector molecules (7). Eventually, the action of the GTPase-
activating proteins leads to the hydrolysis of the bound GTP
molecules and the reversion of the GTPases to the inactive,
GDP-bound state (7). Since the intrinsic exchange rate of these
proteins is low under normal physiological conditions, the
stimulation of Rho/Rac proteins requires the participation of
regulatory molecules known as guanosine nucleotide exchange
factors (GEFs) (153). To date, two different families of Rho/

Rac GEFs have been characterized. The first group is com-
posed of Rho GDP dissociation stimulators (GDSs), a family
of proteins that show distant homology with the Cdc25 do-
mains of Ras-specific GEFs (7). GDS molecules work only at
stoichiometric concentrations and display broad enzyme spec-
ificity, being active on Rap, Rho/Rac, and K-Ras proteins (7).
The second group comprises a large number of enzymes con-
taining Dbl and pleckstrin homology (DH and PH) domains
whose catalytic activities are directed exclusively towards Rho/
Rac GTPases (16). Since these proteins work catalytically on
their substrates, it is believed that they represent the main
activators of Rho/Rac proteins during signal transduction pro-
cesses. The majority of these GEFs are highly transforming
when overexpressed either as wild-type or truncated proteins,
a property that highlights the importance of the regulation of
the GDP-GTP cycle of Rho/Rac proteins for cell growth con-
trol.

While the mechanism by which these GEFs trigger the ac-
tivation of GTPases has been studied in detail biochemically,
an important issue that remains to be fully resolved is how the
stimulated receptors and upstream oncogenic proteins com-
municate with Rho/Rac GEFs. In this regard, recent reports
have demonstrated the activation of a number of exchange
factors by translocation to the plasma membrane (Tiam1),
interaction with lipids (Sos), or association with the b and
g subunits of heterotrimeric G proteins (Ras GDP-releasing
factor, PDZ-RhoGEF, and p115RhoGEF) (45, 71, 74, 93, 103).
However, the Rho/Rac GEF proteins that have been best
characterized at the biochemical, signaling, and functional
level are the members of the Vav family. Originally discovered
due to the transforming activity of the first member of the
family (Vav), these GEFs have been now found in many tissues
and distributed phylogenetically from nematodes to humans.
As will be seen in this review, the most relevant feature of
these proteins is the tight regulation of their GDP-GTP ex-
change activities by direct phosphorylation. In the absence of
mitogens or antigens, these proteins remain inactive in the cell
due to low levels of tyrosine phosphorylation. In the course of
cell stimulation, Vav proteins become rapidly and transiently
phosphorylated on tyrosine residues, leading to the activation
of their GDP-GTP exchange activity towards Rho/Rac pro-
teins. More recently, it has been discovered that tyrosine phos-
phorylation events also regulate other functions in these pro-
teins, including the association with tyrosine kinases and
adapter molecules, the formation of heteromolecular com-
plexes that modulate the signaling output of these GEFs,
and the termination of the activity of Vav proteins at the end
of the stimulation cycle. Given this close relationship with
phosphorylation events, it is not surprising that these GEFs are
the only ones known to combine in the same molecule the
canonical DH-plus-PH motifs of Rho/Rac GEFs and the struc-
tural hallmark of tyrosine phosphorylation pathways, the Src
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homology 2 (SH2) domain. In addition to this singular mech-
anism of activation, the Vav family has also attracted recent
attention due to the essential role of the founding member,
Vav, in cell signaling. Using gene targeting techniques with
mice, it has been demonstrated that the expression of this
protein is essential for cytoskeletal, proliferative, and apoptotic
pathways that determine the development and the signaling
responses of lymphoid cells. Moreover, it has been demon-
strated that the subversion of the normal activation-deactiva-
tion cycle of some members of the Vav family results in severe
alterations in cell behavior, including tumorigenesis, changes
in F actin organization, and the acquisition of metastatic prop-
erties. All these observations establish the Vav family as an
essential and direct link between receptors with intrinsic or
associated tyrosine kinase activity and the mitogenic and cy-
toskeletal pathways regulated by Rho/Rac proteins. In this
review, I will summarize the most recent developments per-
taining to the regulatory, catalytic, and signaling properties of
these proteins. Complementary information can be found in a
number of previous publications (9, 38, 117, 126).

MEMBERS AND STRUCTURAL FEATURES OF
THE Vav FAMILY

The Vav family has three known members in mammalian
cells (Vav, Vav2, and Vav3) and one in nematodes (CelVav).
The first member of the family, Vav, was identified by Katzav
and colleagues in 1989 during the search for oncogenes present
in human tumor DNA (66). Since this new transforming gene
was the sixth one isolated in that laboratory, it was designated
“vav,” the name of the sixth letter of the Hebrew alphabet. The
proto-oncogenic versions of this gene were subsequently iso-
lated in the human and mouse species (24, 65). CelVav was
found in 1994 during the characterization of the genome of
Caenorhabditis elegans (155). The vav2 gene was identified 1
year later in humans due to its close proximity to the tuberous
sclerosis disorder gene and, in rodents, during PCR experi-
ments with degenerated oligonucleotides (56, 134). The isola-
tion of the human vav3 gene was reported recently, after an
expressed sequence tag cDNA clone encoding a fragment of a
new protein with Vav SH2-SH3-like domains was found (99).
No family members have been identified in the genome of
Saccharomyces cerevisiae despite the presence of several Rho
GTPases and DH family proteins in this species. It seems,
therefore, that the necessity for Vav function occurred during
the transition from unicellular to multicellular organisms, an
evolutionary step that coincided with an increased regulatory
role for tyrosine phosphorylation in the modulation of signal-
ing cascades.

All Vav family members are characterized by similar struc-
tures (Fig. 1A). Mammalian Vav proteins contain a calponin
homology (CH) domain, an acidic (Ac) region, the DH and PH
domains typical of members of the Dbl family of GDP-GTP
exchange factors, a zinc finger (ZF) domain similar to those
present in c-Raf and atypical members of the protein kinase C
(PKC) family, a short proline-rich (PR) region, and two SH3
domains flanking a single SH2 region. The Vav protein of
nematodes differs mostly at the C terminus, where the PR and
the most distal SH3 of the mammalian Vav proteins are miss-
ing (Fig. 1A). In addition, the more proximal SH3 is highly
divergent from the canonical sequences of known SH3s, indi-
cating that it is probably not functional. Other major changes
are found in the CelVav ZF region, since this domain lacks the
cysteine residues involved in the formation of the fifth b sheet
and the unique alpha helix typical of ZF domains. Since the
integrity of the C-terminal SH3 and the ZF is a prerequisite for

the function of the wild-type versions of the mammalian Vav
proteins (24, 50, 99), these structural changes suggest that the
regulation of CelVav will diverge significantly from that of its
mammalian counterparts. In addition to these changes, CelVav
contains small deletions and insertions of amino acid residues
throughout the molecule when compared with its mammalian
counterparts (Fig. 1A). The most conspicuous are a 17- and a
15-amino-acid insert in the DH and PH region, respectively
(Fig. 1A). From structural data gathered from other DH and
PH regions, it seems that these insertions will not have major
effects on the functions of these domains, as they are located in
linker regions that do not interfere with the respective sub-
strate binding sites. Indeed, insertions of similar size are found
in the DH region of Tiam1 and in the PH domains of the Bcr,
Abr, and Cdc24 proteins. Although the structural domains
found on Vav proteins are also detected in a plethora of signal
transduction molecules, two structural features are unique to
the Vav family. One is the DH-PH-ZF cassette present in the
central regions of these proteins. The other is the presence in
the same molecule of a DH and an SH2 region (Fig. 1A). As
will be discussed below, these structural peculiarities translate
into regulatory and catalytic properties also unique for this
group of GDP-GTP exchange factors. The spatial organization
of the C-terminal SH3 and SH2 is also unusual among signal-
ing proteins, although it is seen in other SH2- and SH3-con-
taining proteins, such as Grb2, Gbr3, and Grab/Grap proteins.

FIG. 1. (A) Structures of Vav family proteins. The tyrosine residue involved
in Vav downmodulation (Y174) is shown. The alternative sequences of Vav2
generated by alternative splicing of its hnRNA are indicated by A, B, and C.
Deletions or insertions of sequences found in the CelVav protein are illustrated
by using empty spaces and solid boxes, respectively. The lack of the two cysteine
residues in the C terminus of the CelVav ZF is indicated by a gray box. SH3L is
the region with low resemblance to SH3 domains present in CelVav. (B) Onco-
genic mutations found in Vav family members. WT, wild type. An asterisk
indicates the Y174F mutation. Amino acid numbers are shown at the bottom of
each panel.
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Despite these structural similarities, the mammalian vav
genes differ in chromosomal localization and expression pat-
terns. Thus, the human vav, vav2, and vav3 genes have been
assigned to chromosomes 19 (region 19p13.2), 9 (region
3q34.1), and 1, respectively (56, 88; http://www.ncbi.nlm.nih.gov
/LocusLink/LocRpt.cgi?l510451 [the Human Genome Project]).
At the expression level, Vav is restricted mostly to hematopoi-
etic cells, being found from the pluripotential stem cells to the
most mature stages of the lymphoid and myeloid-erythroid
lineages. Vav is also detected in a few nonhematopoietic tis-
sues, such as the pancreas, the tooth enamel, and the tropho-
blast layer (9). On the other hand, Vav3 shows a much broader
expression profile, and Vav2 displays an almost ubiquitous
distribution (99, 134). Although all vav family genes are ex-
pressed in hematopoietic cells, vav transcripts are present at
significantly higher levels than those for vav2 and vav3 (M.
Movilla and X. R. Bustelo, unpublished results). Several iso-
forms have been described recently for Vav and Vav2. Vav-T,
a truncated version of Vav, is found in the spermatocytes and
spermatids of mice (Fig. 1A) (105). In the case of Vav2, there
are at least three differentially spliced forms that differ in the
presence of insertions in the Ac domain, the PH region, and
the SH2-SH3 linker region (Fig. 1A). There is evidence that
some of these isoforms show a tissue-specific pattern of ex-
pression (56, 134). It is not yet known whether these isoforms
display different regulatory or signaling properties. CelVav is
located on chromosome 3 and appears to be expressed pref-
erentially in muscle and neural tissues (http://wormsrv1.sanger
.ac.uk/cgi-bin/ace/paper/worm?name5%5Bwcwm98ab48%5D).

REGULATION OF Vav ACTIVITY

The most distinctive functional property of Vav family mem-
bers is the fact that their enzyme activities are triggered by the
tyrosine phosphorylation of the respective molecules. To date,
no other GDP-GTP exchange factor of the Ras superfamily
shows this type of regulation. Recent results have shown that
the levels of Vav enzyme activity are additionally modulated by
second messengers derived from the enzyme activity of phos-
phatidylinositol 3-kinase (PI-3K). This regulatory property is
shared with a small number of Ras superfamily GEFs, such as
Sos and Arf nucleotide binding-site opener (ARNO) (19, 103).
By analyzing the behavior of transforming versions of these
proteins, evidence has recently been obtained that other reg-
ulatory steps are also in place to control the activities of these
proteins in living cells.

The initial link between phosphorylation and Vav activation
was obtained by Crespo et al. after setting up an in vitro assay
that allowed the side by side comparison of the exchange
activity of the phosphorylated and nonphosphorylated forms of
Vav (27). Using this system, it was found that Vav had no
detectable enzyme activity when tested with different GTP
hydrolases of the Ras superfamily. However, the phosphoryla-
tion of Vav by treatment with a GST-Lck fusion protein led to
a strong activation of its GDP-GTP exchange activity towards
Rac1 and, to a lesser extent, RhoA. Vav activity was circum-
scribed to those two GTPases because no GDP-GTP exchange
was observed on Cdc42 or other Ras superfamily proteins, such
as Ras and Ran. The fact that this activation could occur in
vitro with highly purified preparations of proteins proved that
the phosphorylation is the regulatory event triggering Vav ac-
tivation. Subsequently, it was demonstrated that such activa-
tion could be reproduced in vivo by the coexpression of Vav
with several tyrosine kinases of the Src and Syk families. Since
these early studies, the phosphorylation-dependent activation
of Vav has been validated in a number of independent systems

both in vitro and in living cells (53, 94, 129, 146). Recently,
other studies have shown that Vav2 and Vav3 are also sub-
jected to the same regulation (99, 135). Interestingly, the anal-
ysis of the catalytic specificities of these proteins indicates that
they target overlapping, but not identical, spectra of Rho/Rac
substrates. Thus, Vav works catalytically on Rac1 and RhoG
but is significantly less active on RhoA proteins (27, 135).
Activation of Rac2 by phosphorylated Vav was also observed
recently (135). On the other hand, Vav2 and Vav3 act catalyt-
ically on RhoA and RhoG GTPases but are less active on Rac1
(99, 135). There is disagreement about the possible implication
of Cdc42 in the Vav pathway. Thus, we and others have shown
that none of the known Vav family members is active in vivo or
in vitro on Cdc42 under conditions in which this GTPase is
activated by either Dbl or Rho GDS (27, 99, 135, 146). In
addition, dominant-negative mutants of Cdc42 do not seem to
have any effect on several Vav-mediated cellular responses,
such as transformation (26), c-Jun N-terminal kinase (JNK)
activation (26), and NF-kB and serum-responsive factor (SRF)
stimulation (96, 97). In contrast, two groups have shown the
activation of Cdc42 by Vav either in vitro (53) or in vivo (106).
At this point, the reason for the discrepancy between these two
sets of observations is unknown.

The level of activity of Vav is also dependent on the pres-
ence of phosphorylated forms of phosphatidylinositol (PI).
Thus, it has been shown that the enzyme activity of phosphor-
ylated Vav increases twofold when Vav is incubated with either
PI-3,4-P2 or PIP3, two products of PI-3K (54). Conversely, the
GDP-GTP exchange activity of Vav is totally inhibited when
the PI-3K substrate PIP2 is included in the reactions (54).
These effects are mediated by the binding of those molecules
to the Vav PH domain (54). In agreement with these in vitro
observations, Vav activity is enhanced in vivo when the protein
is coexpressed with PI-3Kg (83). Likewise, this lipid kinase
seems to be upstream of Vav during the signaling of both CD5
and Fcε receptor I (FcεRI) as the PI3-K inhibitor wortmannin
can inhibit to some extent Vav-dependent responses in both
systems (49, 138). Since phospholipids cannot activate non-
phosphorylated Vav (54), their role seems to be the fine mod-
ulation of the enzyme activity of phosphorylated Vav rather
than to act as an independent mechanism for Vav activation.
This alternative regulatory step may therefore be relevant only
under stimulation conditions that do not trigger optimal Vav
phosphorylation. This interpretation is consistent with recent
results showing that inhibitors of PI-3K do not affect the gen-
eration of Vav-mediated signals in either anti-CD3-stimulated
thymocytes or CHO cells overexpressing Vav and Syk (72, 94).
Whether PI phosphates regulate the activities of Vav2 and
Vav3 is as yet unknown.

In addition to the physiological stimulation of Vav during
signal transduction, the activities of Vav proteins can be up-
regulated by gain-of-function mutations that subvert the nor-
mal regulation of these proteins in vivo. As a consequence,
these mutations often correlate with the generation of proteins
with high transforming potential. Interestingly, the high bio-
logical activities of some of these mutants cannot be attributed
to the loss of the known regulatory properties of the Vav
family, suggesting that new mechanisms must exist that con-
tribute to the tight control of these proteins inside the cell. The
deregulated Vav mutants can be classified in two classes, based
on how their activities depend on tyrosine phosphorylation.
The first group includes proteins that have lost either the entire
CH domain (D1–132) or the CH domain plus the Ac region
(D1–186) (Fig. 1B, forms A to C). These truncated proteins
show constitutive, phosphorylation-independent exchange ac-
tivity both in vitro and in vivo. As a consequence, these mu-
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tants can induce biological responses even in the absence of
the SH3-SH2-SH3 domain (Fig. 1B, form C), the region in-
volved in the interaction with protein tyrosine kinases (99, 135;
M. Lopez-Lago, N. Movilla, and X. R. Bustelo, unpublished
observations). Since these proteins are totally unregulated,
they show the highest transforming activity of all known Vav
gain-of-function mutants (135; Lopez-Lago et al., unpub-
lished). From a regulatory point of view, the members of the
second group of mutants are perhaps more interesting, be-
cause they include oncogenic versions of Vav proteins that still
conserve a phosphorylation-dependent exchange activity. One
of the mutants belonging to this group is a recently identified
Vav protein containing a tyrosine (Y)-to-phenylalanine (F)
substitution in one of the phosphorylation sites of the Vav Ac
region (Y174) (Fig. 1B, form D) (82). Interestingly, this mu-
tant is also active in short-term biological responses, such as
the induction of F-actin reorganization in fibroblasts (82) and
the stimulation of transcriptional responses in T lymphocytes
(77, 82). This is the only known case of oncogenic activation of
Vav proteins by a single point mutation. Using a phosphospe-
cific antibody for that position, it has been shown that the
residue affected by this mutation becomes phosphorylated af-
ter receptor stimulation, suggesting that it is probably involved
in a feedback mechanism that downmodulates the activity of
Vav at the end of the stimulation cycle (82). Since this residue
is located in consensus sequences for the binding of SH2 do-
mains, this negative regulation presumably involves the action
of a hitherto-unknown SH2-containing protein. The identifi-
cation of this Vav Y174F mutant is therefore especially valu-
able, because it indicates that phosphorylation plays both pos-
itive and negative roles, depending on the tyrosine residue that
is targeted on the Vav molecule. Another protein included in
this second class of mutants is the truncated version of Vav
(D1–66) initially isolated by Katzav and coworkers (Fig. 1B,
form E) (66). The mechanism by which this oncogenic version
promotes cellular transformation is enigmatic as yet, since its
exchange activity is phosphorylation dependent (27, 53, 135).
Recent results have shown that wild-type Vav and Vav (D1–66)
are found in Triton-soluble and -insoluble fractions, respec-
tively, after cell lysis (75). Thus, this mutant may have a dif-
ferent subcellular localization than wild-type Vav, suggesting
that it may trigger cell transformation by a closer proximity to
protein kinases and/or GTPases. The identification of these
two phosphotyrosine-dependent mutants indicates that the
regulation of Vav proteins in vivo is more complex than the
simple controls by phosphorylation levels and/or phospholipid
binding.

The complexity of the regulation of Vav proteins in vivo is
further emphasized by recent observations indicating that the
biological effects of a particular gain-of-function mutation are
highly dependent on the member of the Vav family used and
on the cellular context in which the function of a specific Vav
protein is tested. For instance, the deletion of the CH region
leads to the phosphorylation-independent exchange activity of
Vav, Vav2, and Vav3 and to enhanced biological responses
when tested in transient-transfection assays (99, 135). Despite
this, only the mutant versions of Vav and Vav2 can induce
morphological transformation in long-term assays (99, 135).
Since Vav2 and Vav3 share the same spectrum of GTPase
substrates (99, 135), these results indicate that other factors
should control the strength of the signal emanating from each
Vav family member in vivo. Moreover, while Vav (D1–66) and
Vav (D1–186) are transforming in rodent fibroblasts, they are
not functional in certain hematopoietic specific responses (5,
156). In contrast, Vav (Y174F) is still capable of effective
signaling in both hematopoietic and nonhematopoietic cells

(77, 82). Thus, it seems that the Vav CH may have negative
roles in cis but also cell-type-specific positive regulatory func-
tions in trans. At this moment, it is difficult to predict the
function of this domain in mediating such positive responses.
Based on the homology of this region with domains involved in
F-actin binding, it was initially proposed that the CH domain
could regulate the function of Vav by binding to this cytoskel-
etal protein (15). However, the recent characterization of
other CH-containing proteins has indicated that F-actin bind-
ing is only possible when two CH domains are present in
tandem in the same molecule, suggesting that such a regulatory
possibility does not occur in the case of Vav proteins (141). In
fact, both Vav and Vav3 seem to associate with cytoskeletal
structures only when the CH domain is missing (75, 99). CH
regions have also been shown to bind to vesicles composed of
phosphatidylserine and phosphatidylinositol, suggesting a po-
tential regulation by lipids (6, 42). The formation of protein-
protein interactions cannot be excluded, given the high alpha-
helical content of this domain (14). Arguably, more work on
this area is required to unveil all the regulatory mechanisms
that modulate the activity of these proteins in vivo.

MECHANISM OF Vav EXCHANGE ACTIVITY

The ultimate functional objective of activated Vav proteins
is to interact catalytically with the GTPases, leading to the
rapid exchange of their bound GDP molecules by GTP. Recent
experiments have shed light on several molecular aspects of
this catalytic relationship. Thus, it has been shown that acti-
vated Vav3 can interact physically with the nucleotide-free
GTPases (99). This suggests that Vav proteins, like most GEFs
known so far, promote nucleotide exchange by stabilizing this
highly unstable transition state of the GTPases. This physical
interaction occurs only when Vav3 is tyrosine phosphorylated,
indicating that one of the consequences of this posttransla-
tional modification is to increase the binding affinity of Vav3
towards its substrates (99). This effect appears to correlate with
the release of an inhibitory conformation induced by the N-
terminal CH region, as Vav proteins lacking this domain dis-
play phosphorylation-independent GDP-GTP exchange activ-
ity (99, 135). It is not yet known whether this inhibitory effect
is due to an intramolecular interaction between the CH do-
main and other structural domains of Vav proteins or to the
induction by that region of an unstable conformation in the
Vav molecules. Structural studies of the Vav3-substrate inter-
action have also revealed that the Vav3 DH region is not
catalytically autonomous, as it requires the presence of an
intact ZF region for both the binding to and activation of the
GTPase substrates (99). Accordingly, deletions or point muta-
tions that inactivate the ZF abrogate the enzyme activity of
Vav3 in vitro and its biological activity in vivo (99). The con-
tribution of the ZF region to the catalysis of nucleotide ex-
change appears to be dual, offering points of contact with the
substrates and allowing an optimal conformation of the DH-
PH-ZF cassette that is compatible with the action of the cat-
alytic DH domain (99). Interestingly, point mutations that in-
activate the functions of the Vav and Vav3 PH domains show
no major alterations in the exchange activities of these pro-
teins, indicating that this domain does not have an active role
in the catalytic reaction of Vav proteins (54, 99). However,
since the binding of PIP2 to the Vav PH domain results in the
downmodulation of the exchange activity of this protein (54), it
is possible that the PIP2-bound PH domain may indirectly
affect the catalytic activity of Vav in vivo by blocking the in-
teraction of the substrates with the DH and/or the ZF region.
A similar regulatory role has been proposed recently for the
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modulation of the Rac-1 GDP-GTP exchange activity of the
Sos DH region by PI phosphates (103). The dependency of
Vav proteins on the ZF region for catalytic activity is, with the
activation by tyrosine phosphorylation, a unique functional
property of this GEF family.

SIGNALING ELEMENTS OF THE Vav PATHWAY

The elucidation of the biochemical function of Vav proteins
has evolved in parallel with the characterization of the signal
transduction elements that work coordinately with these pro-
teins in the induction of several biological responses. In addi-
tion, synergistic interactions between Vav and other pathways
during cell signaling have also been found. Below, we summa-
rize the major signaling elements involved in the Vav pathway.

(i) Upstream elements. The upstream elements of the Vav
pathway include molecules that trigger the activation of Vav
during signal transduction. This category includes receptors,
protein tyrosine kinases, and adaptor molecules whose func-
tion is to favor the interaction of Vav with the upstream ki-
nases. The role of PI3-K as a possible coactivator of Vav has
been described in the previous section and will not be included
here. Since the initial reports indicating the phosphorylation
of Vav during the signaling of the epidermal growth factor
(EGF), platelet-derived growth factor (PDGF), B-cell, and
T-cell receptors (EGF-R, PDGF-R, BCR, and TCR) and
FcεRI (10, 12, 86), this protein has been found to be involved
in the pathways of 35 membrane receptors (Table 1). This
number will probably grow larger, as the receptors for several
cytokines (i.e., interleukin 2 (IL-2) and IL-15) share the same
signaling subunits. Although the study of Vav2 and Vav3 dur-
ing signal transduction is in its initial stages, there are already
data regarding their participation in the pathways regulated by
the EGF-R, PDGF-R, and TCR (99, 111; Movilla and Bustelo,
unpublished). Phosphorylation of Vav2 by the receptor protein
kinases c-Kit and Flk2 was also found recently (R. Rottapel,
personal communication). In most cases examined, the activa-
tion of those receptors by the respective ligands leads to a
rapid and transient phosphorylation of Vav on tyrosine resi-
dues, although the kinetics change depending on the receptor
involved. However, it is known now that the same receptor can
trigger different phosphorylation levels of Vav, depending on
the type of ligand bound or the cellular context in which such
response is generated. For example, the overall levels of Vav
phosphorylation induced by the TCR-ab of immature T cells
depend significantly on whether the receptor binds to agonistic
or antagonistic peptides, a property that can affect decisions
about whether to maintain or kill the stimulated thymocyte
(136). The extent and duration of the phosphorylation-dephos-
phorylation cycle of Vav can also be modulated either posi-
tively or negatively by the costimulation of adjacent surface
molecules. Thus, the coligation of the TCR with the CD28
receptor leads to higher and more sustained phosphorylation
levels of Vav during T-cell signaling than when each receptor
is cross-linked alone (104, 129). In B cells, the phosphorylation
levels of Vav are increased when the BCR and CD19 mole-
cules are cross-linked simultaneously (108, 131). On the neg-
ative side, the phosphorylation levels of Vav induced by the
BCR-CD19 complex are significantly lowered if the CD22 mol-
ecule is engaged simultaneously (131). A similar response is
observed when CD16-stimulated basophils are treated at the
same time with IL-10 (47). These dynamic changes in the levels
of Vav phosphorylation indicate that the regulation of the Vav
signaling output is probably one of the parameters used by cells
for establishing the signaling thresholds that mediate the
strength and duration of immune responses.

Phosphorylation plays two convergent roles during these
early stages of the activation of Vav proteins. It promotes the
final activation of the latent enzyme activity of Vav, but in
addition, it makes possible such activation by favoring the prior
formation of heteromolecular complexes between Vav and its
upstream elements. In reductionistic terms, these interactions
use as molecular glue the avidity of the Vav SH2 domain
towards the consensus sequence Y(PO4)XEP (where X is M,
L, or E) (139). However, the type of complexes formed de-
pends on the nature of the receptor involved. In the case of
some receptors with intrinsic tyrosine kinase activity (EGF-R
and PDGF-R), Vav proteins associate, via their SH2 domains,

TABLE 1. Phosphorylation of Vav mediated by
membrane receptors

Receptora Referenceb

Tyrosine kinase receptors
c-Fms............................................................................163
c-Kit..............................................................................1
EGF-R .........................................................................12, 86
Flk-2 .............................................................................33
IGF-1-R .......................................................................152
Insulin-R......................................................................151
PDGF-R ......................................................................12
TrkA.............................................................................90

Receptors signaling via the Syk/Zap70 family
BCR .............................................................................10
CD28............................................................................3, 104
FcgRI...........................................................................69
FcεRI ...........................................................................86
FcgRII .........................................................................69
FcgRIII........................................................................160
Integrins.......................................................................21
NK complexc ...............................................................5
TCR .............................................................................12, 86

Receptor signaling via the Src family
CD19............................................................................154

Receptors signaling via the Jak family
c-Mpl............................................................................31, 100, 102, 130
Epo-R ..........................................................................84
G-CSF-R......................................................................164
GM-CSF-R..................................................................89
IL-2-R ..........................................................................34
IL-3-R ..........................................................................89
IL-5-R ..........................................................................132
IL-6-R ..........................................................................78
Prolactin R ..................................................................76
Type I IFN-R..............................................................119

Receptors with uncharacterized kinases
CD14............................................................................47
CD2..............................................................................121
CD40............................................................................110
CD43............................................................................115
CD5..............................................................................49

G-coupled receptors
PAR1 ...........................................................................22
Thrombin-R ................................................................21

a Receptors shown to phosphorylate Vav3 are underlined. IGF, insulin growth
factor; IFN, interferon; PAR, protease-activated receptor.

b For simplicity, only the first articles reporting the participation of Vav in a
particular receptor pathway are included.

c The receptor for the cytotoxic response of NK cells has not been identified
yet. It is possible that it is not a single molecular entity but rather a set of
membrane proteins (79).
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with the autophosphorylated receptors (Fig. 2A) (12, 86, 99,
111; Movilla and Bustelo, unpublished). This is not always the
case, because the Vav SH2 domain cannot bind to the acti-
vated Flk2 and c-Kit receptors, suggesting that in this case the

interaction occurs indirectly via adapter proteins not yet char-
acterized (1, 33, 127). When the stimulated receptors lack
intrinsic tyrosine kinase activity, Vav interacts via its SH2 do-
main with cytoplasmic kinases of three distinct families. The

FIG. 2. Types of interaction between Vav and upstream elements during the signaling of membrane PTKs (A), cytokine receptors (B), the TCRab (C), and the
BCR (D). PTK, protein tyrosine kinase; L, ligand; Ag, antigen; KD, kinase domain; P, phosphorylated tyrosine residue; N, proximal SH3 domain; C, distal SH3 domain.
Transmembrane domains are indicated by open boxes, immunoreceptor tyrosine-based activation motif-containing molecules are shown as boxes with horizontal lines,
SH2 domains are shown as solid boxes, SH3 domains are shown as dotted circles, and the rest of the N-terminal domains of Vav are shown as a shaded box. The proteins
included are not shown to scale. The two possible transmembrane ligands for CD28 (CD80 and CD86) are indicated. The ligand for CD19 is as yet unknown, although
it is believed that it binds to complement (C3) with the help of a second coreceptor, CD21 (43).
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first group is composed of Syk and Zap70 (20), two kinases that
contain two SH2 domains and two regulatory regions (inter-
domains A and B) (Fig. 3). Syk is expressed in B lymphocytes,
basophils, NK cells, and immature T-cell populations. Zap70,
on the other hand, is distributed in T lymphocytes (20). Pres-
ently, there is extensive genetic evidence indicating that these
two kinases are the key mediators of Vav phosphorylation
during the signaling of many receptors present in lymphoid and
myeloid cells. Thus, the elimination of the syk gene by homol-
ogous recombination in chicken DT-40 B cells leads to the
blocking of Vav phosphorylation after BCR cross-linking
(158). Likewise, Jurkat T cells lacking a functional Zap70 ki-
nase (P116 clone) also fail in phosphorylating Vav during both
TCR- and CD28-mediated signaling (129). Similar results were
observed in Zap70-deficient T cells obtained from individuals
with severe combined immunodeficiency (17). Interestingly,
the overexpression of Zap70 in Syk-deficient cells rescues Vav
phosphorylation, indicating that the kinases are functionally
redundant in this process (158). Since both DT-40B and P116
cells contain functional kinases of the Src and Btk families,
these experiments prove indirectly that these other kinase fam-
ilies are not implicated in the tyrosine phosphorylation of Vav
induced by the TCR, the BCR, and CD28. Outside the lym-
phoid lineage, Syk has been linked to the phosphorylation of
Vav in other signaling pathways, including those for integrins

(94), the FcεRI receptor (57, 146), and the cytotoxic response
of NK cells (46).

The sequence of events that triggers the activation of these
kinases and the subsequent tyrosine phosphorylation of Vav
phosphorylation is now well established (Fig. 2C and D). The
activation of the antigen receptors leads to the activation of Src
kinases, resulting in the phosphorylation of the immunorecep-
tor tyrosine-based activation motifs (defined by the sequence
YX2[L/I]X6–8YX2[L/I]) of the signaling subunits of receptors
(20). The phosphorylation of two tyrosine residues (boldface)
in these motifs leads in turn to the binding of the two SH2
domains of Zap70 (Fig. 2C and D). Finally, the phosphoryla-
tion of Zap70 by Src family kinases leads to the activation of its
kinase activity and the phosphorylation of downstream signal-
ing elements (20). Syk follows a similar mechanism of acti-
vation, although it does not require phosphorylation by Src
family kinases for the final activation step (20). The phosphor-
ylation of Vav during this process is linked to the physical
interaction with these kinases, an event mediated by the bind-
ing of the Vav SH2 region to one phosphorylated residue
located in interdomain B of Zap70 (Y313ESP) and Syk
(Y341ESP) (Fig. 3 and 2C and D) (28, 67). Mutation of those
tyrosine residues to phenylalanine eliminates the binding of
Vav to the kinases and its subsequent phosphorylation, indi-

FIG. 3. Structures of regulatory elements of the Vav pathway. A and B, interdomains A and B; KD, kinase domain; JH, Jak homology; KD-L, kinase domain-like;
TM, transmembrane region; PS, prenylation site; PR, proline-rich region; PTPaseD, phosphatase domain; 4H, four-helix bundle; EF, EF hand. The phosphorylation
sites recognized by the Vav SH2 domain in Syk, Zap70, Slp76, and BLNK are indicated (the sites in BLNK have not been formally identified). Amino acid numbers
are shown at the bottom of the figure.
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cating that the physical interaction is mandatory for this step of
Vav activation (28, 158, 171).

A second group of kinases involved in Vav activation during
the signaling of cytokine receptors is the Jak family (Fig. 3).
Unlike Syk proteins, these kinases are associated constitutively
with the cytoplasmic tails of cytokine receptors, becoming ac-
tivated by cross phosphorylation after the aggregation of the
receptors induced by the binding of the cytokines (60). The
Vav-Jak interaction appears to be mediated by the association
of the Vav SH2 domain with hitherto-unidentified phosphor-
ylated sequences of the activated kinases (Fig. 2B) (89). The
physiological significance of the Vav-Jak interaction is now
well established through several studies using mutant versions
of the erythropoietin receptor (Epo-R) and the thrombopoi-
etin (c-Mpl) receptor. Thus, mutations in the Epo-R that dis-
rupt the association of Jak2 concomitantly abolish the phos-
phorylation of Vav by Epo (95). Conversely, the expression of
an activated form of the Epo-R mutant leads to the constitu-
tive kinase activity of Jak2 and to Vav phosphorylation in a
ligand-independent manner (95). The use of deletion mutants
of the c-Mpl receptor has yielded similar results (32, 98), al-
though some other unidentified tyrosine kinases also seem to
play secondary roles (32).

Finally, there have been reports indicating the possible in-
volvement of Src family kinases in Vav phosphorylation. Thus,
Michel et al. have shown that Vav coimmunoprecipitates with
Fyn upon cross-linking of the CD28 receptor in a T-cell hy-
bridoma (92). This binding could be reproduced in vitro by
using the isolated Fyn SH2 domain and is blocked by phos-
phopeptides containing the Y174EDL sequence present in the
Vav Ac region (92). This result represents a biological paradox,
because the phosphorylation of Vav by Fyn would require the
prior phosphorylation of Vav by other kinases. The role of Fyn
in this signaling response is unclear because, as stated before,
cells lacking Zap70 cannot phosphorylate Vav after CD28
stimulation (129). In the case of B cells, a report has shown
that the cross-linking of the CD19 receptor leads to the colo-
calization of Vav and Lyn in the cytoplasmic tail of this recep-
tor, leading to Vav phosphorylation (Fig. 3D) (44). Interest-
ingly, the ability of Lyn to phosphorylate Vav in vitro is
enhanced by the addition of exogenous CD19, indicating that
this receptor serves not only as a scaffold but also as a fa-
cilitator of the Lyn-dependent phosphorylation of Vav (44).
Despite these two examples, the evidence available so far in-
dicates that the implication of Src kinases in the direct phos-
phorylation of Vav is very limited under physiological condi-
tions. However, it is worth noting that several Src proteins
(Lck, Fyn, and Hck) induce the efficient phosphorylation and
activation of the GDP-GTP exchange activity of all mamma-
lian Vav members when used in vitro or in overexpression
systems (27, 99, 135). Thus, it is possible that these kinases may
have some role in the activation of the Vav pathways under
abnormal conditions, such as tumors containing alterations in
the upstream elements of the Vav pathway.

Despite the formation of complexes with all the kinases
described above, recent data indicate that the optimal phos-
phorylation of Vav in some cell lineages requires the partici-
pation of adaptor molecules that facilitate the spatial proximity
between Vav and the upstream kinases. These associations also
depend on the tyrosine phosphorylation of these adapter pro-
teins and the utilization of either the Vav SH3 or SH2 domains
as interacting domains. In T cells, the translocation of Vav is
facilitated by the binding of Vav to the adapter protein LAT
and, less importantly, to the receptor CD28. LAT is a 36- to
38-kDa palmitoylated protein specifically expressed in T, NK,
and mast cells (Fig. 3) (168). This protein resides in rafts of the

plasma membrane enriched in cholesterol and glycolipids that
are essential for optimal signaling responses of T lymphocytes
(159, 170). The function of LAT is to work as an adapter
molecule to allow the translocation of several signaling pro-
teins into these membrane rafts (168, 170). In order to perform
such a role, activated Syk/Zap70 family proteins phosphorylate
LAT on tyrosine residues, leading to the creation of anchoring
sites for SH2-containing proteins (168). The important role of
LAT in Vav signaling was recently demonstrated genetically
using LAT-deficient Jurkat T cells (J.CaM2). In these cells, the
phosphorylation of Vav upon TCR stimulation is reduced de-
spite the normal activation of upstream kinases (36). Reintro-
duction of LAT in J.CaM2 cells restores Vav phosphorylation,
but only when versions of LAT capable of localizing in the
cholesterol- and glycolipid-rich rafts are utilized (36, 167). In
good agreement with such a translocation role, a percentage of
Vav distributes into the membrane rafts after TCR cross-link-
ing (170). Interestingly, the Vav SH2 domain cannot bind
phosphorylated LAT, indicating that other bridge molecules
are required (168). One possible candidate is Grb2, an adapter
protein that can bind simultaneously to LAT (via its SH2
domain) and to Vav (via its C-terminal SH3 domain) (Fig. 2C)
(122, 162, 168). Grb2 is found constitutively associated with
Vav in different hematopoietic cells (9, 126). The use of Grb2
for the interaction of Vav with LAT is probably a molecular
stratagem to keep the Vav SH2 domain free to interact with
the phosphorylated tyrosine kinases (Fig. 2C).

A second functional alternative for the translocation of Vav
to the plasma membrane is the interaction of Vav with CD28,
a receptor that is engaged simultaneously with the TCR. As in
the case of LAT, this interaction is also indirect, requiring the
Grb2-binding site of CD28 (Y191MNM) (Fig. 2C) (70). Muta-
tion of this site leads to a lack of Vav phosphorylation after
CD28 cross-linking (70). The functional interaction between
Vav and CD28 appears to be limited to the enhancement of
the activity of Vav downstream of the TCR, since CD28-spe-
cific responses are not affected in vav2/2 T cells (116). B cells
utilize a different strategy for Vav translocation (Fig. 2D). In
this case, Vav binds to the cytoplasmic tail of the CD19 recep-
tor, a step that facilitates the proximity of Vav to the CD19-
associated Lyn and the immunoglobulin M-associated Syk (81,
108, 154). The interaction between Vav and CD19 is direct,
due to the recognition by the Vav SH2 domain of the Y391EEP
sequence present in the cytoplasmic tail of this receptor (108).
This site is presumably a target of Syk, as its phosphorylation
is dependent on prior BCR stimulation (108). Mutation of this
site abrogates Vav binding and CD19-mediated responses, in-
dicating that this interaction mediates both Vav phosphoryla-
tion and the activation of downstream signaling events (81,
108). No LAT-like proteins have been found in B cells, sug-
gesting that the interaction between Vav and Syk is either
direct or mediated by CD19.

The physical interaction of Vav with the prolactin receptor
(23), the Epo-R (76), the insulin receptor b subunit (151),
gp130 (78), CD5 (49), and the FcεRIII g subunit (137) have
also been reported, although the structural bases of those
interactions have not been studied in detail. Thus, the use of
adapters or receptors for the membrane translocation of Vav
seems to be a conserved mechanism in most signaling systems.
In addition to promoting Vav protein phosphorylation, it is
likely that such translocation events will favor the signaling
output of Vav proteins by bringing these molecules in close
proximity to their GTPase substrates or to other regulatory
molecules that impinge on Vav function, such as PI3-K.

(ii) Negative regulators. Much less is known about the reg-
ulatory molecules that trigger the downmodulation of Vav
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signals at the end of the stimulation cycle. Vav was shown to
coimmunoprecipitate in a stimulation-dependent manner with
the tyrosine phosphate SHP (also known as PTP1C, HCP, and
SHPTP1), a cytoplasmic, SH2-containing protein encoded by
the motheaten locus (Fig. 3) (73). This interaction requires the
SH2 region of Vav, although the C-terminal Vav SH3 seems to
play a cooperative role (73, 112). The complex between Vav
and SHP can probably also occur indirectly, via the association
of SHP with receptors such as CD22 (30). This may explain the
negative effect of this receptor on the phosphorylation of Vav
induced by the BCR-CD19 complex (131). In addition to SHP,
other phosphatases are likely to be implicated in Vav inacti-
vation, since the phosphorylation levels of Vav do not change
in SHP-deficient cells (112). A second potential negative reg-
ulator of Vav is Cbl-b, a protein initially isolated in two hybrid-
system experiments aimed at identifying binding partners of
the Vav SH3-SH2-SH3 domain (11). Cbl-b is a ubiquitously
expressed protein with a multidomain structure that includes a
four-helix bundle, an EF-hand calcium-binding domain, a cryp-
tic SH2 region, a RING finger domain, and a C-terminal pro-
line-rich region (91, 147) (Fig. 3). This protein belongs to a
well-known family of signal transduction proteins (c-Cbl, Cbl3,
Sli-1, and Drosophila Cbl) that inhibit transduction cascades
either by downmodulating the kinase activity of cytoplasmic
tyrosine kinases or by promoting the ubiquitination of mem-
brane tyrosine kinase receptors (62, 80, 109, 147). The inter-
action of Cbl-b with Vav requires a PR domain present in the
central region of Cbl-b and the intact Vav SH3-SH2-SH3 do-
main (11). The possible implication of Cbl-b in the Vav path-
way is demonstrated by two independent observations. First,
the overexpression of Cbl-b in COS-1 cells leads to the inhi-
bition of the activation of JNK mediated by Vav (11). This
effect requires the integrity of both the SH2 and the C-terminal
regions of Cbl-b (11). Moreover, recent experiments using
gene-targeting techniques have shown that the deletion of the
cbl-b gene removes the necessity for the TCR-CD28 coengage-
ment in order to obtain optimal phosphorylation levels of Vav
during antigen-mediated T-cell signaling (J. Penninger and H.
Gu, personal communication). Despite these functional obser-
vations, nothing is yet known about the mechanism by which
Cbl-b downmodulates the Vav pathway. There is also evidence
that other proteins in addition to SHP and Cbl-b can contrib-
ute to the downmodulation of the function of Vav during signal
transduction, as demonstrated by the oncogenic activation of
Vav by the Y174F mutation (Fig. 1B) (82). Although many
candidates for such a role have been isolated using two-hybrid
or coimmunoprecipitation experiments (c-Cbl, Socs, and
hSiah2) (29, 48, 85), their precise functional roles in the Vav
pathways remain to be fully addressed.

(iii) Downstream elements. The signaling pathway used by
Vav proteins was ill defined until the discovery of its biochem-
ical activity. At that point, the Vav field converged with parallel
studies of Rho/Rac proteins that had found an extensive num-
ber of effector molecules and biological responses under the
control of these GTPases. Since then, a number of Rho/Rac
effectors have been demonstrated for Vav, further confirming
the functional relationship between this GEF and Rho/Rac
proteins.

The biological responses induced by Vav can be placed in
three different, although interdependent, groups: stimulation
of known Rho/Rac effectors, activation of transcriptional fac-
tors, and induction of cytoskeleton-related responses. In the
first category, several reports have shown the activation by Vav
of JNK (26, 27, 48, 94, 138, 146), p21-activated kinase (PAK)
(8), and PI-4-P5-kinase (PIP5-K) (108). JNK is a serine-threo-
nine kinase involved in the phosphorylation of several tran-

scriptional factors, such as c-Jun and ATF2 (153). PAKs are
also serine-threonine kinases apparently linked to cytoskeletal
responses and transcriptional activation (153). In addition,
these kinases contribute to the activation of the Ras pathway
via the stimulation of either Raf (in the case of PAK3) or
MAPK/ERK kinase (MEK; in the case of PAK1) (133).
PIP5-K is a lipid kinase involved in the phosphorylation of
PI-4-P to produce PIP2. One of the functions of this kinase is
to keep the intracellular pools of PIP2 constant during cell
stimulation. Since PIP2 is the substrate of phospholipase C-g1
(PLC-g1), it is believed that the action of PIP5-K is crucial for
maintaining Ca21 fluxes during cell stimulation. PIP5-K has
also been linked to cytoskeletal effects by facilitating the un-
capping of F-actin ends (124). The activation of JNK and
PIP5-K by Vav is mediated by Rac1 activation (26, 108). At the
level of transcriptional regulation, Vav has been linked to the
activation of the nuclear factor of activated T cells (NF-AT),
SRF, and NF-kB (59, 96, 97, 156). NF-AT proteins are in-
volved in a number of transcriptional responses in lympho-
cytes, including the transcription of the il-2 gene during T-cell
stimulation (123). Incidentally, this is the only downstream
element that was characterized prior to the identification of
the biochemical function of Vav proteins. SRF and NF-kB
both have roles in hematopoietic and nonhematopoietic cell
signaling, linking extracellular stimuli to patterns of gene ex-
pression important for both cell growth and immune-specific
responses (63, 123, 148). In agreement with the induction of
these transcriptional responses, it has been shown that Vav
stimulates the transcription of the il-2 and il-6 genes in T cells
and mast cells (59, 138, 156). This action seems to be highly
specific, since no effects have been observed in the transcrip-
tion of other genes involved in hematopoietic regulation, such
as those encoding IL-3, tumor necrosis factor alpha, transform-
ing growth factor b, and granulocyte-macrophage colony-stim-
ulating factor (GM-CSF) (138).

While the above-mentioned signaling cascades have been
characterized only for Vav, the morphological changes associ-
ated with F-actin reorganization have been characterized for
all of the mammalian members of the family by using transient-
transfection assays. For example, Vav proteins induce typical
Rac1- and RhoG-like cytoskeletal changes in NIH 3T3 cells,
including cell spreading, membrane ruffling, the formation of
extensive lamellipodia, and contraction of the actomyosin ring.
These changes are the consequence of the extensive reorgani-
zation of F-actin induced by Vav proteins (99, 135). In addi-
tion, Vav2 and Vav3 also induce the roundup of cells, a phe-
notype observed upon the transient expression of GTPases of
the RhoA subfamily (99, 135). The intimate relationship be-
tween Vav proteins and the cytoskeleton is further demon-
strated by recent results showing the partial colocalization of
Vav3 with F-actin in several cytoskeletal structures (99). Inter-
estingly, recent observations have established a direct link be-
tween changes in the actin dynamics and the induction of
specific transcriptional responses (140). It is possible, there-
fore, that Vav-mediated changes will have an impact not only
on the migration and morphology of cells but also in patterns
of gene expression. F-actin polymerization was also found in
the case of Vav by using Jurkat cells (8).

The coincidence between the biological responses induced
by Vav and Rho family proteins suggests that the function of
these exchange factors is primarily dependent on the activation
of Rho/Rac pathways. Accordingly, mutations that affect the
catalytic regions of Vav proteins destroy most of their known
biological activities, including cellular transformation (26, 58,
99, 138; Lopez-Lago et al., unpublished). The importance of
this pathway is also underlined by recent genetic experiments
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that have linked the phenotypes of vav-deficient mice to the
disruption of many of the biological responses described above
(see below). As an exception to this rule, recent observations
from Weiss’ laboratory suggest that the activation of NF-AT by
Vav in T cells is, at least in part, independent of the catalytic
activity of this exchange factor (77). It is likely, therefore, that
other structural domains in addition to the DH region will
contribute to the effector functions of the Vav proteins in
hematopoietic cells. One obvious candidate for such a role is
the N-terminal CH domain, since the deletion of this region
totally eliminates the ability of Vav to induce NF-AT responses
(5, 82, 156).

(iv) Synergy with other signaling pathways. Recent ad-
vances in the signal transduction field indicate that the cellular
responses triggered by extracellular stimuli are not the result of
the additive effect of all the activated pathways but rather the
multiplicative effect of cross talks that are established among
them. The objective of those cross talks is to generate coherent
signals by inducing synergistic interactions among pathways
with complementary functions and, at the same time, by inhib-
iting routes with antagonistic effects in the biological response
being generated by the cell (114). In the case of Vav, there are
at least two important routes that synergize with this protein to
induce more robust signaling responses: the Ras and the Slp76
pathways.

The connection of the Vav and Ras pathways was initially
detected in focus formation assays, when it was observed that
the cotransfection of vav and ras at suboptimal concentrations
led to higher levels of transformation than when each onco-
gene was transfected alone (13). Moreover, it has been shown
that the activation of complex biological responses by Vav
(transformation and NF-AT stimulation) is dependent on the
integrity of both Ras and Raf pathways (13, 68, 156). This is
not a linear pathway, because other Rac1 responses, such as
morphological change or JNK activation, are not affected by
the inhibition of the Ras pathway (26; Movilla and Bustelo,
unpublished). Although a detailed dissection of the Vav-Ras
interaction remains to be done, several points of cross talk
between them can be envisioned from the recent characteriza-
tion of their signaling pathways. Thus, Vav could contribute to
enhanced Ras signals via the activation of Raf and MEK by
PAK3 and PAK1, respectively (Fig. 4B) (133). Some of these
responses seem to be mediated by cell-type-specific signaling
elements, because Vav stimulates extracellular signal-regu-
lated kinase (ERK) activity in some cell types (NIH 3T3 and
CHO) (68, 94) but not in others (COS1 and mast cells) (26,
106, 138). Conversely, Ras could enhance Vav-mediated sig-
nals via PI-3K, a known Ras effector (Fig. 4B) (87). However,
Ras mutants that cannot interact with PI-3K can still synergize
with Vav in cellular transformation, indicating that other, PI-
3K-independent pathways are in place (Movilla and Bustelo,
unpublished). This cross talk is conserved in other Vav family
proteins, as Vav2 also synergizes with Ras in cellular transfor-
mation (135).

Slp76 is a signaling protein expressed in T cells and myeloid
cells that is composed of an N-terminal sterile alpha motif
(SAM), an Ac region that contains several phosphorylation
sites, a PR region, and a C-terminal SH2 domain (Fig. 3).
Despite the absence of catalytic domains, Slp76 plays essential
roles in T-cell signaling, coupling the activation of the TCR
with increases in Ca21, the stimulation of the Ras–mitogen-
activated protein kinase pathway, and the activation of il-2
gene transcription (128). Coexpression of Vav with Slp76 in-
duces a synergistic response, leading to enhanced activation of
the NF-AT transcriptional activator (157). Interestingly, Vav
and Slp76 form a very stable complex upon TCR cross-linking,

an interaction mediated by the recognition of two phosphory-
lated residues located in the acidic domain of Slp76 (Y113ESP
and, with less affinity, Y128ESP) by the Vav SH2 (Fig. 3 and
4A) (107, 120, 149, 157). However, this interaction seems to be
optional rather than compulsory for NF-AT activation, be-
cause the synergistic response is still observed with mutants of
Slp76 that cannot bind to Vav (35). Recent data indicate that
these proteins talk to each other at different levels. On one
hand, it has been shown that Slp76 serves as a scaffold protein
to bring together the Vav-Rac complex and the Nck/PAK
complex (Fig. 4A) (8). Nck is an adaptor protein containing
three SH3 domains and one C-terminal SH2 that shows trans-
forming potential. Nck binds to PAK via an SH3-PR region
interaction and, at the same time, to the phosphorylated se-
quence Y145EPP of Slp76 via its SH2 domain (Fig. 4A) (8). By
allowing the close proximity of all these proteins, Slp76 facil-
itates the rapid transmission of signals from Vav-activated

FIG. 4. (A) Model for the synergy observed between Vav and Slp76. SH2
domains are indicated by closed boxes, SH3 domains are shown as dotted circles,
the Vav DH domain is depicted as a shaded box, and the N-terminal domains of
Slp76 are shown as an open box. PPPP, proline-rich region; P, phosphorylated
tyrosine residues. (B) Possible points of functional interaction among the Vav,
Ras, and Slp76 pathways. For simplicity, only one of the effector molecules of
Rac (PAK) has been represented. The exact downstream elements of Vav lead-
ing to NF-AT activation have not been identified. The same applies to the
pathways of Slp76 leading to ERK, PLC-g1, and NF-AT activation.
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Rac1 to PAK, leading to enhanced downstream signals (Fig.
4A) (8). In agreement with this model, it has been shown that
Vav and Nck interact in a Slp76-dependent manner, leading to
both enhanced PAK activation and actin polymerization after
TCR cross-linking (8). Moreover, dominant-negative mutants
of Vav and Nck abrogate both responses (8). Despite these
observations, the scaffold model cannot be the determinant of
the Vav-Slp76 synergy because this response is also observed in
the absence of physical interaction between these two proteins
(35, 120). There are at least three other routes for the possible
cross talk between Vav and Slp76 (Fig. 4B). Thus, it is believed
that Slp76 participates in the activation of Ca21 fluxes during
T-cell stimulation by facilitating the phosphorylation of
PLC-g1 (161). Vav can impinge on this route via the stimula-
tion of PIP5-K (108), a Rac1 downstream element specialized
in the conversion of PI-4-P into the PLC-g1 substrate PIP2
(124). Slp76 has also been shown to be necessary for the acti-
vation of the Ras-ERK route, thus giving a new point of in-
teraction with the Vav pathway (101, 161). At more distal
locations in the signaling response, the NF-AT activation me-
diated by Vav can be enhanced by the stimulation of NF-AT
cofactors (such as c-Jun and c-Fos) via Slp76 (101). The de-
tailed understanding of the Vav-Slp76 synergy will have to wait
for the characterization of the Slp76 binding proteins that
mediate each of the biological responses attributed to this
adapter protein. In addition to this functional cooperativity
with Vav, it is likely that Slp76 also has functions of its own, as
the phenotype of slp76-deficient mice is more severe than that
observed in vav2/2 mice (118). A similar pathway is likely to
exist in B lymphocytes, as these cells express another adaptor
protein (B-cell linker protein [BLNK]; also called Slp65) with
structural and functional characteristics similar to those of
Slp76 (41, 61).

GENETIC ANALYSIS OF THE Vav SIGNALING
PATHWAY

Recently, several groups have developed mouse models in
which the vav gene has been inactivated by homologous-re-
combination techniques. The phenotypic analysis of these mice
confirmed the important role of Vav in the regulation of bio-
logical responses mediated by Rho/Rac proteins. Moreover,
they have indicated that this role is highly specific, as only a few
types of hematopoietic cells and, within them, only specific
signaling pathways are affected. Perhaps more interestingly,
the analysis of vav-deficient cells has revealed the implication
of Vav in cellular responses not anticipated previously.

vav-deficient mice develop normally and are fully viable (37,
150). In addition, they show no developmental or functional
abnormalities in most hematopoietic lineages, such as red cells,
leukocytes, and platelets (37, 150, 166). The major defects are
concentrated in the lymphoid compartment, as these animals
lack B-1a B cells, have reduced numbers of T cells, and suffer
from mature T and B lymphocytes incapable of mounting im-
mune responses to antigens (37, 39, 145, 150, 165). The T
lymphocytopenia found in vav-deficient mice derives from sig-
naling defects of the pre-TCR and the TCR-ab (Fig. 5). The
inefficient signaling of the pre-TCR leads to a defective, al-
though not totally impaired, transition from the CD442

CD251 to the CD442 CD252 stage (37, 150). Later on, the
reduced signaling output of the newly expressed TCR-ab com-
plex in the CD41 CD81 population results in impaired positive
and negative selection and, as a consequence, in a significant
reduction in the total number of mature cytotoxic and helper T
cells (72, 150). The signaling defect of the TCR-ab is main-
tained in the reduced populations of mature T cells, resulting
in a lack of proliferative responses after TCR cross-linking (37,

FIG. 5. Schematic representation of thymocyte development. The processes affected by the vav gene knockout are indicated. Defects observed in other signaling
proteins involved in the Vav pathways have been included for comparison. Inhibition or upregulation of a given T-cell response is indicated by blunt or sharp arrows,
respectively. The a and b subunits of the TCR are indicated as open and solid boxes, respectively. The surrogate a chain of the pre-TCR is indicated as a hatched box.
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39, 145, 150, 165). The main culprit in this proliferative arrest
is the lack of IL-2 production, as addition of exogenous IL-2 to
the stimulated cultures of vav2/2 cells restores full cell growth
(37, 145, 165). The absence of IL-2 production is due to a lack
of transcriptional activation of the il-2 gene (25). These results
agree with previous studies of Jurkat cells linking Vav to the
activation of NF-AT and the IL-2 promoter (59, 156). IL-2
receptor (IL-2-R) and CD28-mediated responses are not af-
fected in vav2/2 T cells (37, 116, 145, 165), indicating that the
function of Vav is a prerequisite for the function of a restricted
set of receptors.

The effect of the vav gene knockout in the B-cell compart-
ment depends primarily on the type of B-cell lineage. Conven-
tional B cells develop in normal numbers but fail to mount
responses to stimuli specific for the BCR and CD19 receptors
(37, 108, 145, 150, 165). In addition to these cell-autonomous
defects, some deficient B-cell responses found in vivo were
attributed to a lack of IL-4 secretion by helper T cells (51).
These dysfunctions are also highly specific, because vav2/2 B
cells can proliferate normally in response to lipopolysaccharide
or CD40 ligand plus IL-4 (145, 165). While vav gene expression
is inconsequential for the development of normal B cells, it is
a prerequisite for the generation of the B-1a (immunoglobulin
M1 CD51) subset, a specialized B-cell subpopulation localized
in the peritoneum (37, 145, 165). Since these cells are only
produced by the embryonic stem cells and rely on periodic
BCR stimulation for their perpetuation in the adult (64), their
dependency on Vav function is probably a reflection of the
inefficacy of their BCR and CD19 receptors. Consistent with
this, cd192/2 mice also lack this B-cell subpopulation (43).

The phenotype of vav-null animals is similar to, albeit milder
than, those found for other proteins previously inserted in the
Vav pathway (Fig. 5). Thus, lat, slp76, and syk-zap70 double-
knockout animals show a complete arrest in the CD442

CD2513CD442 CD252 transition (20, 118, 169). Zap70-de-
ficient CD41 CD81 thymocytes show a total lack of positive
and negative selection (20). Likewise, syk2/2 B cells cannot
proliferate after antigen stimulation (20). However, unlike
vav2/2 animals, syk-deficient animals also display abnormali-
ties in B-cell development and platelet function (20). Abnor-
malities in platelet function are also observed in slp76-deficient
animals (118). The more severe phenotype of those mutations
is consistent with the idea that, in addition to Vav, these pro-
teins mediate the activation of multiple pathways during re-
ceptor stimulation. In good agreement with the putative inhib-
itory role of Cbl-b in the Vav pathway, the phenotype of cbl-
b2/2 mice is the reverse of that found in vav2/2 animals,
including hyperproliferation of B and T cells upon antigen
receptor stimulation and overproduction of IL-2. Interestingly,
pathways not affected by the Vav deficiency (IL-4, CD40, and
lipopolysaccharide) are not affected in cbl-b2/2 mice either.
The signaling dysfunctions of cbl-b2/2 animals result in an
autoimmune disease characterized by autoantibody production
and infiltration of activated T and B lymphocytes into multiple
organs. These studies have also indicated that the function of
Cbl-b appears to be concentrated in mature cells, since no
obvious abnormalities of T-cell development have been ob-
served so far (J. Penninger and H. Gu, personal communica-
tion).

On the downstream side, Henning et al. have shown that the
simultaneous inactivation of several Rho (RhoA to -C and
Rac2) GTPases via the expression of the C3 transferase in
thymocytes does not affect the positive and negative selection
of thymocytes or the proliferation of mature T cells (55). In-
stead, these proteins seem to be required for the proliferation
of CD42 CD82 thymocytes before the CD442 CD251 stage

(Fig. 5) (55). Likewise, the recent knockout of the rac2 locus
showed that this GTPase has essential roles in neutrophils but
not in lymphoid cells (125). Thus, it seems that most of the
effects of the vav knockout may derive from the defective
activation of Rac1, Rac3, or RhoG. The elucidation of the role
of Rac1 in T-cell development will have to wait for the gener-
ation of rac12/2 rag2/2 chimeric mice, as the deletion of the
rac1 gene results in early-embryonic lethality (142).

The signaling defect of vav-deficient cells seems concen-
trated in a very narrow window between the early and the late
signaling responses triggered by antigen receptors (Fig. 6). For
example, stimulated vav2/2 T cells can trigger normal levels of
Zap70 activation and CD3z phosphorylation. Likewise, the
pattern of tyrosine-phosphorylated proteins is not altered, in-
cluding the usual suspects, LAT, Slp76, and PLC-g1 (25, 37, 39,
58). These results agree with the previous signaling experi-
ments, indicating that Vav is downstream (CD3z, Zap70, and
LAT), or in parallel position (Slp76 and PLC-g1), to those
molecules. Other distal signaling elements are fully functional,
as demonstrated by the effective proliferation of vav2/2 T cells
after the addition of exogenous IL-2 or after treatment with
phorbol myristate acetate plus ionophore (37, 145, 165). De-
spite this apparently normal sequence of events, vav2/2 T cells
cannot induce F-actin polymerization upon stimulation, and as

FIG. 6. Integrated view of the signaling defects observed in vav-deficient T
cells. The biological process or signaling steps whose disruptions have been
demonstrated experimentally are boxed. The role of PIP5-K in T cells is inferred
from parallel studies with the B-cell CD19 receptor, but its role in T cells remains
to be demonstrated experimentally. Possible new pathways predicted from the
analysis of vav2/2 lymphocytes are indicated by question marks. See the text for
details.
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a result, they show no aggregation of receptors after activation
(Fig. 6) (37, 58). In addition, vav2/2 cells cannot generate IP3
(25), leading to reduced levels of intracellular Ca21 after TCR
cross-linking (25, 37, 39, 58, 150). In B cells, this defect has
been attributed to the lack of stimulation of PIP5-K (Fig. 6)
(108). Interestingly, the treatment of wild-type T cells with an
F-actin inhibitor induces vav2/2-like effects while the addition
of a calcium ionophore partially restores the signaling proper-
ties of mature vav2/2 T cells (25, 37, 58). These results indicate
that these two defective signaling events are probably the cru-
cial ones for the proliferative defects observed in mature T
cells containing a null vav gene. While the lack of Ca21 sig-
naling is found in all knockouts reported, there exist consider-
able discrepancies regarding the signaling defects that follow.
For instance, one group has reported that other expected
downstream elements of the Vav pathway, such as NF-AT and
NF-kB, are impaired in vav2/2 T cells (25). In addition, the
lack of JNK and PIP5-K activation was not observed after
stimulation of vav2/2 B cells via the CD19 receptor (108). In
contrast, other groups have found no major alterations in JNK,
NF-AT, or NF-kB in lymphocytes (37, 58). At this moment, it
is unclear whether these discrepancies are due to the stimula-
tion conditions used, the genetic background of the mice, or
the nature of the knockout construct used. Thus, the nature of
the defective signaling cascade that ultimately leads to a lack of
proliferation of B and T lymphocytes remains to be fully ex-
plored.

Interestingly, the analysis of the role of Vav during negative
selection has revealed new routes and signaling elements that
are connected to the Vav pathway. Thus, the lack of negative
selection in vav-deficient thymocytes has been attributed to a
lack of activation of the apoptotic cascade (Fig. 6) (72). This is
again a defect specific for signals derived from the TCR-ab,
since vav2/2 thymocytes undergo normal apoptosis after treat-
ment with dexamethasone or stimulation with the CD95 re-
ceptor (72). Interestingly, this abnormal response is also a
reflection of inefficiencies in the pathways leading to F-actin
polymerization and PLC-g1 activity (72). However, in this case,
the causative agent is not the absence of Ca21 fluxes but the
other product of PLC-g1 hydrolytic activity, the second mes-
senger diacylglycerol (Fig. 6) (72). Thus, the treatment of
vav2/2 thymocytes with phorbol myristate acetate restores the
apoptotic defect of these cells, apparently by activating PKCu
(72), a Ca21-independent PKC preferentially expressed in T
cells (Fig. 6). Activation of PKCs was previously correlated
with the function of the GTPases of the Rho/Rac family (4,
18), thus offering a new pathway for connecting the enzyme
activity of Vav to its final biological effects.

In summary, the phenotype of vav-deficient mice can be
attributed to problems in two possibly intertwined Rho/Rac-
dependent signaling responses: abnormal F-actin organization
and low performance of the PLC-g1 pathway. However, more
work will be needed in the future to fill the gaps between these
two events and the final proliferative and apoptotic defects
seen in vav2/2 lymphocytes. In addition, it will be important to
know the level of functional redundancy of Vav family mem-
bers and how the catalytic and tissue expression specificities of
each family member translate into different phenotypes.

CONCLUDING REMARKS

A decade has passed since the initial isolation of vav as an
oncogene with an obscure function and an interesting pattern
of expression. Work since then has revealed that the protein
encoded by this transforming gene is a member of a highly
conserved protein family, identified the biochemical function

of the members of the family in vertebrates, and illuminated
different aspects of the regulation of the activities of Vav pro-
teins during signal transduction and oncogenesis. Despite this
progress, much work remains to be done. Biochemical and
structural studies have to be performed in order to identify the
phosphorylation site(s) that triggers the activation of Vav pro-
teins, to uncover the intramolecular changes that take place
during the activation-deactivation cycle of these GEFs, and to
understand the complex regulatory properties of the N-termi-
nal CH region. Likewise, a careful dissection of the structural
determinants that mediate the Vav-GTPase interaction is still
missing. Currently, little information is available on the nega-
tive regulation of Vav via the formation of heteromolecular
complexes, including the function of the negative regulatory
site Y174. The interconnections between the Vav, Ras, and
Slp76 pathways remain, for the most part, enigmatic. Finally,
significant advances have to be made to understand all the
signaling defects observed in vav2/2 cells and to establish the
role of each Vav family member, and of the family as a whole,
in the development and physiology of mice. Most of these
studies are approachable now thanks to the information gath-
ered on Vav proteins during the last 10 years. In addition, the
study of the pathway of Vav family proteins will benefit from
related areas, such as the functional characterization of Slp76
and Rho/Rac proteins. The finding that Vav proteins are con-
served in all multicellular organisms will allow us to approach,
for the first time, the characterization of this family using
genetic models, such as Drosophila melanogaster and C. elegans.
Arguably, these multifaceted studies will define with more pre-
cision the pathways already discovered and unveil new ones
not predicted yet. These future advances will, in turn, allow us
to see with new eyes the mechanisms by which membrane
receptors convert the incoming extracellular signals into the
intracellular responses required for proliferation, differentia-
tion, and apoptosis.
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